Replacement of synthetically derived food additives and increase of sustainability are two major trends within the food industry, and usage of by-products may represent a potential solution. We characterised an extract obtained from red beet that could also be obtained from red beet peels, that are typical industrial by-products, and examined its interfacial and emulsion forming properties. Results showed that red beet extract contained considerable amounts of surface-active saponins. The smallest negatively charged droplets (~1.36 lm, À40 mV) were obtained at low emulsifier-to-oil ratio and were fairly stable over a wide range of environmental stresses such as a wide pH range and temperature (<50°C) despite some oiling-off. Emulsions showed flocculation at low pH, as well as coalescence at high temperature (≥50°C) and phase separation after a freeze-thaw cycle. Overall, our results indicate red beet extract may be employed as new naturally derived emulsifier for food and beverage products.
Introduction
Currently, the major trends within the food industry include replacement of synthetically derived food additives by naturally derived ones as well as a sustainable food production. However, both trends challenge manufacturers because of limited options (Schieber, 2017) : First, naturally derived alternatives such as proteins or polysaccharides typically exhibit significant disadvantages regarding performance, cost or taste compared to synthetic compounds. Second, industrial processing of plant-based raw materials generates large amounts of by-products such as oat bran or sugar beet pulp that are typically used as feed for cattle or even discarded. A further utilisation of by-products to valuable ingredients may present an ideal solution to increase naturally derived alternatives and improve the sustainability in food industry.
Red beet (Beta vulgaris ssp. vulgaris var. conditiva) is typically cultivated for its high nutritional value and its deep dark red colour used as food colorant, which is mainly attributed to the cationic antioxidant betalain (Kanner et al., 2001) . Additionally, red beet contains considerable amounts of saponins, which are amphiphilic secondary plant metabolites consisting of a hydrophobic (triterpene or steroid) aglycone covalently bonded to hydrophilic sugar chains by an ester or ether glycosidic bond (Mikolajczyk-Bator et al., 2016) . The aglycone part is typically oleanolic acid or hederagenin, whereas the sugar chains typically consist of hexoses (such as glucose), pentoses (such as arabinose) or uronic acids (such as glucuronic acid) (Mahato & Sen, 1997; Mikolajczyk-Bator et al., 2016) . So far, the only food-grade saponin extract from the Quillaja saponaria Molina tree (E999) has been shown to form emulsions at a low surfactant-to-oil ratio (1:10) and stabilise them against changes in ionic strength, pH and temperature, due to a combination of high electrostatic and steric repulsion forces (Yang et al., 2013; Ralla et al., 2017c) . The excellent emulsifying performance of Quillaja extract has led to overexploitation of this exotic tree, which is native in the Andean region. To respond to the above-mentioned major trends within the food industry, we previously characterised extracts obtained from by-products such as sugar beet (Ralla et al., 2017b,c) and oat bran (Ralla et al., 2018) to investigate further applications as naturally-derived emulsifier. Similarly, large amounts of red beet peel accumulate during industrial processing that are mainly used as animal feed. Amphiphilic extracts obtained from this previously underutilised plant side stream may represent a sustainable and novel alternative for synthetically derived food additives and pave the way for the development of a new class of naturallyderived extracts from a variety of plant sources. Moreover, no earlier studies exist on the technofunctional properties of red beet. For this purpose, we investigated the interfacial and emulsifying properties of the red beet peel extract.
Materials and methods

Materials
Fresh red beets (variety Pablo) were bought in a local food store in Freising, Germany. Medium chain triglyceride oil Miglyol 812N was purchased from Cremer Oleo GmbH & Co. KG (Hamburg, Germany). Sodium phosphate monobasic monohydrate (>98.0%) and sodium phosphate dibasic heptahydrate (>99.0%) were obtained from Sigma-Aldrich GmbH (Steinheim, Germany). Citric acid anhydrous, sodium hydroxide and hydrochloric acid were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany). Deionised water was used throughout the study.
Methods
Solvent extraction
Red beet was washed, peeled and grinded with the help of liquid nitrogen and extracted three times each using a methanol/water mixture (70/30 v/v, 1.8 L) and pure methanol (1.8 L). The mixture was filtered using a B€ uchner funnel lined with filter paper (Carl Roth, 111A, Ø 110 mm), the organic solvent was removed using a rotary evaporator, freeze-dried and stored at À28°C until further use. Stintzing et al. (2005) .
Extract characterisation
Saponin quantification
Saponins were quantified through separation and identification of saponin containing fractions by ultra-performance liquid chromatography (UPLC-ToF-MS) as described in our previous reports (Ralla et al., 2017b, c) . Semi-quantification was carried out by separation of red beet extract with the help of medium-pressure liquid chromatography (MPLC) and weighing of the individual fractions. Saponin-containing fractions were identified by UPLC-ToF-MS and compared with the known molecular masses of sugar beet saponins because red beet (partly) contains the same saponins as sugar beet (Mroczek et al., 2012) .
Emulsifier solution preparation
Red beet extract (5.5% w/w) was dissolved in 10 mM sodium phosphate buffer, stirred overnight, and the pH was adjusted using 0.1 or 1 M HCl and/or NaOH.
Surface tension measurement A tensiometer (DCAT 11, DataPhysics, Filderstadt, Germany) was used to measure surface tension (c AW ) at an air-water interface using the Wilhelmy-plate method as a function of red beet extract concentration (0.0005-1.5% w/w). Stock emulsifier solution (5.5% w/ w) was slowly added in different amounts, stirred for 30 s, and c AW was measured after 300 s of equilibration time. Surface tension of the used buffer in the absence of emulsifier was 72.0 AE 0.5 mN m À1 . The critical micelle concentration (CMC AW ) was determined by calculating the intersection of two extrapolated linear plots at low/medium and high concentrations. Additionally, the surface load Γ (mg m À2 ) of the emulsifier was calculated as:
where R is the universal gas constant, T is the absolute temperature (K), c is the surface tension (mN m À1 ) and c is the concentration (mol L À1 ).
Interfacial tension measurement A drop shape analyser (DSA 10, Kr€ uss GmbH, Hamburg, Germany) was used to measure interfacial tension (c OW ) at an oil-water interface after 300 s of equilibration time as a function of red beet extract concentration (0.0005 -5% w/w). Interfacial tension of the used buffer in the absence of emulsifier was 25.5 AE 0.6 mN m À1 .
Emulsion preparation
Pre-emulsions were formed by blending 10% (w/w) oil with 90% (w/w) aqueous emulsifier solution (0.1-5% w/w) using a high-speed shear blender (Silent Crusher M, Heidolph Instruments, GmbH & Co. KG, Schwabach, Germany) for 2 min. Pre-emulsion were homogenised using a high-pressure homogeniser (EmulsiFlex-C3, Avestin, Ottawa, Canada) at 10 000 psi for four times.
Emulsion stability
The prepared 10% oil-in-water emulsions (pH 7, 0.75% extract) were exposed to various external stresses and stored at 5°C for overnight before analysis:
• Influence of pH: Emulsions were adjusted to the appropriate pH (pH 2-9) using 0.1 and/or 1 M HCl or NaOH.
• Influence of temperature: Emulsions were heated at 50, 75 and 90°C for 30 min.
• Influence of freeze-thaw cycles: Emulsions were frozen at À28°C for 18 h and thawed for 3 h at 25°C.
Particle characterisation A static laser diffraction particle analyser (Horiba LA-950, Retsch Technology GmbH, Haan, Germany) was used for particle size measurements. An electrophoresis instrument (Nano ZS, Malvern Instruments, Malvern, UK) was used for f-potential measurements. For both measurements, emulsions were diluted (~0.005% w/w) to prevent multiple scattering effects. Refractive indices for the continuous and dispersed phases were set to 1.33 and 1.42, respectively. An optical light microscope (AxioScope A1 with a ICc3-camera, Carl Zeiss Microimaging GmbH, Goettingen, Germany) equipped with 209 and 409 objectives was used to take images of microstructure. Scale bars were added afterwards using ImageJ (Schneider et al., 2012) .
Results and discussion
Extract characteristics
Our red beet extract contained 72.6 AE 0.5% sucrose, 12.0 AE 0.5% protein, 7.3 AE 0.1% moisture, 5.6 AE 0.0% ash with 3.0 AE 0.1% minerals, and 0.9 AE 0.1% saponins. The lipid, crude fibre and starch contents were below the detection limit of 0.6%, 0.9% and 1.0%, respectively. Furthermore, the typical deep red colour of the extract can be attributed to betalain (betacyanin) pigment betanin (0.56 AE 0.01% betanin), which is a glycoside of indolium-2-carboxylic acid (Esatbeyoglu et al., 2015) .
Interfacial characteristics
Red beet extract reduced the surface tension from 72.0 AE 0.5 mN m À1 by up to 60% to minimal values of 28.6 AE 0.5 mN m À1 (Fig. 1) , indicating the adsorption of surface-active components of the extract to the air-water surface. These obtained values are even slightly lower compared to synthetic emulsifiers such as SDS (31-65 mN m À1 ), and other traditional naturally derived emulsifiers such as highly purified ß-casein (~50 mN m À1 ), and gum arabic (~47-55 mN m À1 ) (McClements & Gumus, 2016) . Interestingly, the determined values are more in the range of the values reported for other naturally derived saponin extracts from sugar beet (>0.75% saponins), as well as oat bran, and ginseng (both 4.7% saponins) with values of~35 mN m À1 (Ralla et al., 2017a (Ralla et al., ,c, 2018 , indicating that saponins are most likely dominating the interfacial adsorption. Furthermore, we determined a critical micelle concentration (CMC AW ) of~0.5% (w/w) as well as a surface load (Γ AW ) of 3.8 mg m À2 . Significantly lower CMC and Γ values have been previously reported for Quillaja (CMC =~0.01%; Γ AW = 2.9 mg m À2 ) and yucca saponin extracts (CMC =~0.1%; Γ AW = 1.7 mg m À2 ), indicating that these extracts are more efficient at surface tension reduction, mostly likely because of their much higher content of saponins (~9% for both extracts) (Yang et al., 2013; Ralla, Salminen, Tuosto, & Weiss, 2017d) .
Similarly, red beet extract also reduced the interfacial tension by up to 36% to 16.3 AE 0.9 mN m À1 (Fig. 1) , also indicating the adsorption of surface-active components to the interface. These values are somewhat higher compared to traditional synthetic surfactants (polysorbates Tween 20 =~5 mN m ) (Ralla et al., 2017a (Ralla et al., ,c,d, 2018 , indicating that red beet extract was slightly less surface-active at the liquid oil-water interface compared to the air-water interface. Our hypothesis is that as air is more hydrophobic compared to oil, the surface-active molecules can better orient themselves at the water-air interface compared to the oil-water interface. Nevertheless, this hypothesis needs to be tested in further studies. Moreover, it should be noted that interfacial tension values are highly dependent on the used (oil-water) system and therefore should only be treated as rough estimates rather than exact values.
Influence of saponin extract concentration on emulsion formation
Increasing the extract concentration led to an initial decrease in the particle size, which increased again at higher extract concentrations (>0.75%) (Fig. 2a) . At 0.75% extract, a minimal d 32 -value of 1.36 AE 0.22 lm with a f-potential of À38.7 AE 3.2 mV was measured, whereas increasing extract concentration led to particle sizes >10 lm. Similarly, particle size distributions showed a monomodal distribution up to concentrations of 1.0%, whereas higher concentrations ≥2.5% showed a bimodal distribution (at 1-5 lm and 15-20 lm). This corresponds with the microscopic images, showing a fine and narrow droplet distribution at lower concentrations (≤0.75%), and larger droplets as well as flocs at higher concentrations (≥1.0%) (Fig. 2b) . A layer of oil was visible at all concentrations, indicating some oiling-off. Thereby, the presence of surface-active ingredients such as proteins may lead to synergistic effects as the formation of biogenic saponin-protein complexes can generate highly viscoelastic interfaces compared to only protein or saponin-stabilised emulsions (B€ ottcher et al., 2016) . Furthermore, red beet extract contained most likely comparable protein fractions as sugar beet, with the typical native proteins being in the range of 32-61 kDa (Parpinello et al., 2004) . During solvent extraction as well as the subsequent lyophilising step, larger proteins should have either aggregated or should have broken down and been removed during filtration, thus accumulating relatively low molecular weight proteins in the extract (Ralla et al., 2017c ) with a higher diffusion coefficient compared to high molecular weight proteins. Flocculation was also observed ≥1.0% red beet extract, which may be mainly attributed to the lower surface activity of the extract induced by a lower content of surface-active components such as saponins and proteins compared to other traditional emulsifiers such as soy or pea protein isolates. Additionally, the relatively high mineral content (~3%) may have supported the destabilisation mechanism of depletion flocculation leading to large flocs as it was reported for sugar beet extract-stabilised emulsions (Ralla et al., 2017b,c) . Therefore, emulsions containing colloidal particles that do not in the end adsorb at the interface -such as minerals, polysaccharides or proteins -cause an osmotic pressure between the emulsion droplets because of the exclusion of these Figure 2 Influence of red beet extract concentration on surface-based mean particle size (d 32 ) and particle size distribution (a) and microstructure (b) of 10% (w/w) oil-in-water emulsions prepared under standardised homogenisation conditions (10 000 psi, 4 passes).
particles. This osmotic pressure leads to an increase in attractive interactions that eventually overcome the repulsive forces, thus contributing to the observed depletion-flocculation (McClements, 2015) .
Influence of pH on emulsion stability
The electrical charge of the emulsions subjected to various pH values (pH 2-9) was the lowest at pH 7 (À38.7 AE 3.2 mV) and increased with decreasing pH continuously to À18.8 AE 0.3 mV at pH 2. Here, the negative net charge may mainly be attributed to the presence of free carboxylic acid groups within the betavulgarosides (Yang et al., 2013) : typically, carboxylic acid groups have a pKa value of~4 (Budavari, 1996) . At high pH values (pH ≫ pKa) emulsions are highly negatively charged because of the deprotonation of carboxylic acid groups (-COO À ), whereas at low pH these groups become protonated (-COOH), losing the negative charge as observed in the f-potential. This increase of f-potential with lower pH provides less electrostatic repulsion between the emulsion droplets, which corresponds with the observed increase in mean particle size to 3.64 AE 0.65 lm at pH 4 and to 51.45 AE 5.82 lm at pH 2 (Fig. 3) . Overall, the particle sizes ranging between 0.1 and 10 lm were monomodal between pH 3 and 9 but became bimodal at pH 2 with large droplets observed at 100 lm, indicating strong flocculation. Some oiling-off was also observed in the samples. The particle size results (Fig. 3) corresponded with the optical microscopy images (Fig. S1 ).
Overall, emulsions showed an increase in f-potential and particle size with decreasing pH (9 to 2), which was mainly attributed to the protonation of carboxylic acid groups within the emulsifier molecular structure.
Influence of temperature on emulsion stability
The initial mean particle size (d 32 ) at 5°C was 1.36 AE 0.22 lm. Increasing the temperature to 50, 75 and 90°C increased the mean particle sizes similarly to 2.64 AE 0.76 lm, 2.15 AE 0.23 and 2.03 AE 0.15 lm, respectively. A layer of oil on top of the samples was observed on all samples, which corresponds well with larger droplets observed in the microscopic images (Fig. S1 ). This increase in particle size was also observed for emulsions stabilised by saponin extracts from sugar beet and oat bran (Ralla et al., 2017b (Ralla et al., , 2018 . The instability with increasing temperature may be attributed to degradation of the red beet derived saponins as well as denaturation of proteins. For example, the oat globulins as the major fraction of oat proteins begin to lose their tertiary structure at 55-70°C
, their secondary structure between 70 and 80°C, and cleavage of disulfide bond occurs at >75°C (Lee, 1992; Davis & Williams, 1998) . These temperatures can lead to structural rearrangement of proteins that can form soluble and insoluble aggregates. Additionally, oat-derived saponins avenacosides A and B are prone to partial destruction at high temperatures (Oenning et al., 1994) . The combination of both effects may lead to an altered surface activity because of the changed surface hydrophobicity of these surface-active molecules, which eventually may lead to poorer emulsion stabilisation as observed for sugar beet-and oat saponin extract-stabilised emulsions (Ralla et al., 2017b (Ralla et al., , 2018 . Moreover, the formation and emulsifying properties of biogenic complexes highly depend on concentration ratio of the saponins and proteins, and especially on the thermal treatment (Reichert et al., 2016 (Reichert et al., , 2018 .
Influence of freeze-thaw cycle on emulsion stability
Emulsions stabilised by red beet extract showed phase separation after thawing when frozen at À28°C for overnight, which is fatal for a variety of different products that are frozen during or after processing and thawed before consumption. These include frozen single-serve ready-meals that contain emulsion-based sauces such as cheese and cream sauces including one of the five 'mother' sauces, the Hollandaise (Degner et al., 2014) . We observed a thick layer of oil and an increase in mean particle size up to 54 lm as observed in the microscopic images (Fig. S1) . Stability of emulsions during freezing and thawing depend on two factors: the thickness of the interface and the freezing Figure 3 Influence of pH on mean particle size (d 32 ) and f-potential of 10% (w/w) oil-in-water emulsions prepared under standardised homogenisation conditions (pH 7, 10 000 psi, 4 passes) using 0.75% red beet extract. point of the two phases (Degner et al., 2014) . The used medium chain triglyceride oil containing saturated caprylic (C8:0) as well as decanoic acid (C10:0) has a lower freezing/melting point (À16°C) compared to the buffer (À1°C) in the used temperature (À28°C) (Ralla et al., 2018) . As emulsions are frozen, the different freezing points induce movement of solutes away from this solid-liquid boundary towards the surrounding liquid phase, yielding a two-phase system containing a part that consists of ice crystals and a part that consists of concentrated solute solution. Consequently, any oil droplets moving into regions of the unfrozen solute phase, bring all the droplets into proximity and thereby promote the observed instability, thus indicating that the interface was rather thin (Degner et al., 2014) .
Conclusion
This study demonstrated that red beet peels as typical by-products acquired during refinement of red beet can be further processed into extracts containing surfaceactive saponins and proteins that can be potentially used to replace synthetically derived emulsifiers. For the first time, this study provides valuable insights into the interfacial and emulsifying properties of red beet extract and its applicability in potential emulsion-based food and beverage formulations. The red beet extract was especially efficient in reducing surface tension at air-water surfaces, whereas it was slightly less effective at oil-water surfaces. Nevertheless, red beet extract was used to form oil-in-water emulsions in the micron range at a low emulsifier-to-oil ratio of 0.75:10. Emulsions were fairly stable across a wide pH range but unstable at highly acidic conditions as well as at high temperatures and upon freeze-thawing. To conclude, additional research regarding the exact emulsion stabilising mechanism of red beet saponin extract as well as its sensory evaluation should be carried out to assess its performance and taste profile compared to commercially available, traditional naturally derived emulsifiers.
